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(May 24, 2002)
I will discuss the development of inflationary theory and its present status, as well as some recent
attempts to suggest an alternative to inflation. In particular, I will argue that the ekpyrotic scenario
in its original form does not solve any of the major cosmological problems. Meanwhile, the cyclic
scenario is not an alternative to inflation but rather a complicated version of inflationary theory.
This scenario does not solve the flatness and entropy problems, and it suffers from the singularity
problem. We describe many other problems that need to be resolved in order to realize a cyclic
regime in this scenario, produce density perturbations of a desirable magnitude, and preserve them
after the singularity. We propose several modifications of this scenario and conclude that the best
way to improve it is to add a usual stage of inflation after the singularity and use that inflationary
stage to generate perturbations in the standard way. This modification significantly simplifies the
cyclic scenario, eliminates all of its numerous problems, and makes it equivalent to the usual chaotic
inflation scenario.
A talk at Stephen Hawking’s 60th birthday conference, Cambridge University, Jan. 2002
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I. INTRODUCTION
My first encounter with Stephen Hawking was related
to inflationary theory. It was quite dramatic. In the mid-
dle of October 1981 there was a conference on Quantum
Gravity in Moscow. This was the first conference where
I gave a talk on the new inflation scenario [1]. After my
talk many participants of the conference from the USA
and Europe came up to me, asked questions, and even
suggested smuggling my paper abroad to speed up its
publication. (The paper was written in July 1981, but in
accordance with Russian rules I spent 3 months getting
permission for its publication.)
Somehow I did not have a chance to discuss it with
Stephen at the conference, but we did it the next day, un-
der rather unusual circumstances. He was invited to give
a talk at the Sternberg Astronomy Institute of Moscow
State University. His talk, based on his work with Moss
and Stewart [2], was about the problems of the old in-
flationary theory proposed by Alan Guth [3]. The main
conclusion of their work [2], as well as of the subsequent
paper by Guth andWeinberg [4], was that it is impossible
to improve the old inflation scenario.
Rather unexpectedly, I was asked to translate. At that
time Stephen did not have his computer, so his talks usu-
ally were given by his students. He would just sit around
and add brief comments if a student would say something
wrong. This time, however, they were not quite prepared.
Stephen would say one word, his student would say one
word, and then I would translate this word, so in the be-
ginning the talk progressed very slowly. Since I knew the
subject, I started adding lengthy explanations in Rus-
sian. Thus, Stephen would say one word, his student
would say one word, and then I would talk for few min-
utes. Then Stephen would talk again, etc. Everything
went smoothly during the first part of the talk when we
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were explaining the problems of the old inflationary the-
ory.
Then Stephen said that recently Andrei Linde had sug-
gested an interesting way to solve the problems of infla-
tionary theory. I happily translated this. The best physi-
cists of Russia are here to listen to Stephen, my future
depends on them, and now he is going to explain my work
to them; what could be better? But then Stephen said
that the new inflationary scenario cannot work... and I
translated. For the next half hour I was translating for
Stephen and explaining to everyone the problems with
my scenario and why it does not work...
I do not remember ever being in any other situation
like that. What shall I do, what shall I do?.. When
the talk was over I said that I translated but I disagree,
and explained why. Then I suggested to Stephen that
we discuss it privately. We found an empty office and
for almost two hours the authorities of the Institute were
in a panic searching for the famous British scientist who
had miraculously disappeared. Meanwhile I was talking
to him about various parts of the new inflationary sce-
nario. From time to time Stephen would say something
and his student would translate: “But you did not say
that before.” This was repeated over and over again.
Then Stephen invited me to his hotel where we contin-
ued the discussion. Then he started showing me photos
of his family and invited me to Cambridge. This was the
beginning of a beautiful friendship.
After that event the story developed at a rapid pace.
In October I sent my paper to Physics Letters and I also
sent my preprints to many places in the USA. After re-
turning to England Stephen started working on new in-
flation together with Ian Moss [5]. Three months later,
Paul Steinhardt and Andy Albrecht wrote a paper on new
inflation with results very similar to mine [6]. In Sum-
mer 1982 Stephen organized a workshop in Cambridge
dedicated to new inflation. This was the best and most
productive workshop I have ever attended.
In a certain sense, this was the first and the last work-
shop on new inflation. The theory of inflationary per-
turbations of scalar fields [7,8], as well as the theory of
post-inflationary density perturbations [9–11], were to a
large extent developed at this workshop [10]. Calcula-
tions using these theories showed that the coupling con-
stant of the scalar field in new inflation had to be smaller
than 10−12. Such a field could not be in a state of thermal
equilibrium in the early universe. This means, in particu-
lar, that the theory of high-temperature phase transitions
[12], which served as the basis for old and new inflation,
was in fact irrelevant for inflationary cosmology. Thus,
some other approach was necessary. The assumption of
thermal equilibrium requires many particles interacting
with each other. This means that new inflation could
explain why our universe was so large only if it was very
large from the beginning. Finally, inflation in this theory
begins very late, and during the preceding epoch the uni-
verse could easily have collapsed or become so inhomo-
geneous that inflation could never happen. In addition,
this scenario could work only if the effective potential of
the field φ had a very flat plateau near φ = 0, which is
somewhat artificial. Because of all of these difficulties, no
realistic versions of the new inflationary universe scenario
have been proposed so far.
From a more general perspective, old and new inflation
represented a substantial but incomplete modification of
the big bang theory. It was still assumed that the uni-
verse was in a state of thermal equilibrium from the very
beginning, that it was relatively homogeneous and large
enough to survive until the beginning of inflation, and
that the stage of inflation was just an intermediate stage
of the evolution of the hot universe. In the beginning
of the 80’s these assumptions seemed natural and prac-
tically unavoidable. That is why it was so difficult to
overcome a certain psychological barrier and abandon all
of these assumptions. This was done with the invention
of the chaotic inflation scenario [13]. This scenario re-
solved all the problems mentioned above. According to
this scenario, inflation can occur even in theories with
the simplest potentials such as V (φ) ∼ φn. Inflation can
begin even if there was no thermal equilibrium in the
early universe, and it can even start close to the Planck
density, in which case the problem of initial conditions
for inflation can be easily resolved [14].
Stephen was the first person (apart from my Rus-
sian colleagues) to whom I spoke about chaotic inflation.
Since that time in his work on inflation he has used only
this model, as well as some modifications of the Starobin-
sky scenario [15]. Let me describe the basic features of
chaotic inflation.
II. CHAOTIC INFLATION
Consider the simplest model of a scalar field φ with a
mass m and with the potential energy density V (φ) =
m2
2 φ
2. Since this function has a minimum at φ = 0, one
may expect that the scalar field φ should oscillate near
this minimum. This is indeed the case if the universe
does not expand, in which case equation of motion for
the scalar field coincides with equation for harmonic os-
cillator, φ¨ = −m2φ.
However, because of the expansion of the universe with
Hubble constant H = a˙/a, an additional term 3Hφ˙ ap-
pears in the harmonic oscillator equation:
φ¨+ 3Hφ˙ = −m2φ . (1)
The term 3Hφ˙ can be interpreted as a friction term. The
Einstein equation for a homogeneous universe containing
scalar field φ looks as follows:
H2 +
k
a2
=
1
6
(
φ˙2 +m2φ2)
)
. (2)
Here k = −1, 0, 1 for an open, flat or closed universe
respectively. We work in units M−2p = 8piG = 1.
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If the scalar field φ initially was large, the Hubble pa-
rameter H was large too, according to the second equa-
tion. This means that the friction term 3Hφ˙ was very
large, and therefore the scalar field was moving very
slowly, as a ball in a viscous liquid. Therefore at this
stage the energy density of the scalar field, unlike the
density of ordinary matter, remained almost constant,
and expansion of the universe continued with a much
greater speed than in the old cosmological theory. Due
to the rapid growth of the scale of the universe and a
slow motion of the field φ, soon after the beginning of
this regime one has φ¨≪ 3Hφ˙, H2 ≫ ka2 , φ˙2 ≪ m2φ2, so
the system of equations can be simplified:
H =
a˙
a
=
mφ√
6
, φ˙ = −m
√
2
3
. (3)
The first equation shows that if the field φ changes slowly,
the size of the universe in this regime grows approxi-
mately as eHt, where H = mφ√
6
. This is the stage of infla-
tion, which ends when the field φ becomes much smaller
than Mp = 1. Solution of these equations shows that
after a long stage of inflation the universe initially filled
with the field φ = φ0 ≫ 1 grows exponentially [14],
a = a0 e
φ2
0
/4. (4)
This is as simple as it could be. Inflation does not
require supercooling and tunneling from the false vacuum
[3], or rolling from an artificially flat top of the effective
potential [1,6]. It appears in the theories that can be
as simple as a theory of harmonic oscillator [13]. Only
after I realized it, I started to believe that inflation is
not a trick necessary to fix problems of the old big bang
theory, but a generic cosmological regime.
In realistic versions of inflationary theory the duration
of inflation could be as short as 10−35 seconds. When
inflation ends, the scalar field φ begins to oscillate near
the minimum of V (φ). As any rapidly oscillating classical
field, it looses its energy by creating pairs of elementary
particles. These particles interact with each other and
come to a state of thermal equilibrium with some tem-
perature T [17–19]. From this time on, the universe can
be described by the usual big bang theory.
The main difference between inflationary theory and
the old cosmology becomes clear when one calculates the
size of a typical inflationary domain at the end of infla-
tion. Investigation of this question shows that even if
the initial size of inflationary universe was as small as
the Plank size lP ∼ 10−33 cm, after 10−35 seconds of
inflation the universe acquires a huge size of l ∼ 101012
cm! This number is model-dependent, but in all realistic
models the size of the universe after inflation appears to
be many orders of magnitude greater than the size of the
part of the universe which we can see now, l ∼ 1028 cm.
This immediately solves most of the problems of the old
cosmological theory [13,14].
Our universe is almost exactly homogeneous on large
scale because all inhomogeneities were exponentially
stretched during inflation. The density of primordial
monopoles and other undesirable “defects” becomes ex-
ponentially diluted by inflation. The universe becomes
enormously large. Even if it was a closed universe of a
size ∼ 10−33 cm, after inflation the distance between its
“South” and “North” poles becomes many orders of mag-
nitude greater than 1028 cm. We see only a tiny part of
the huge cosmic balloon. That is why nobody has ever
seen how parallel lines cross. That is why the universe
looks so flat.
If our universe initially consisted of many domains with
chaotically distributed scalar field φ (or if one considers
different universes with different values of the field), then
domains in which the scalar field was too small never in-
flated. The main contribution to the total volume of
the universe will be given by those domains which orig-
inally contained large scalar field φ. Inflation of such
domains creates huge homogeneous islands out of ini-
tial chaos. Each homogeneous domain in this scenario
is much greater than the size of the observable part of
the universe.
φ
V
FIG. 1. The harmonic oscillator scalar field potential
V (φ) = V0 + m
2φ2/2 in a simplest version of chaotic infla-
tion.
Now let us make another simple step and add a small
constant term V0 > 0 to the potential m
2φ2/2, see Fig.
1. If one does not take gravity into account, this term
does not change equations for the scalar field, i.e. we still
consider a simplest harmonic oscillator theory. However,
the term V0 acts as a cosmological constant that does not
vanish even at φ = 0. As a result, the simplest theory
with V (φ) = V0 +m
2φ2/2 will describe two stages of in-
flation. The first stage occurs in the early universe, when
the scalar field was large. The second stage occurs right
now; it corresponds to the recently discovered accelerated
expansion of the universe, see Fig. 2.
The first models of chaotic inflation were based on
the theories with polynomial potentials, such as V (φ) =
±m22 φ2 + λ4φ4. But the main idea of this scenario is
quite generic. One should consider any particular po-
tential V (φ), polynomial or not, with or without sponta-
neous symmetry breaking, and study all possible initial
conditions without assuming that the universe was in a
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state of thermal equilibrium, and that the field φ was
in the minimum of its effective potential from the very
beginning [13]. This scenario strongly deviated from the
standard lore of the hot big bang theory and was psy-
chologically difficult to accept. Therefore during the first
few years after invention of chaotic inflation many au-
thors claimed that the idea of chaotic initial conditions
is unnatural, and made attempts to realize the new in-
flation scenario based on the theory of high-temperature
phase transitions, despite numerous problems associated
with it. Some authors even introduced so-called ‘ther-
mal constraints’ which were necessary to ensure that the
minimum of the effective potential at large T should be
at φ = 0 [20], even though the scalar field in the models
they considered was not in a state of thermal equilibrium
with other particles. Gradually, however, it became clear
that the idea of chaotic initial conditions is most general,
and it is much easier to construct a consistent cosmo-
logical theory without making unnecessary assumptions
about thermal equilibrium and high temperature phase
transitions in the early universe.
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FIG. 2. Evolution of the scalar field and the scale factor in
the model V (φ) = m
2
2
φ2 + V0 with V0 > 0. In the beginning
we have a stage of inflation with the field φ linearly decreasing
at φ > 1. Then the field enters a stage of oscillations with
a gradually decreasing amplitude of the field. When the en-
ergy of the oscillations becomes smaller than V0, the universe
enters a second stage of inflation, which corresponds to the
present stage of acceleration of the universe.
III. INITIAL CONDITIONS FOR INFLATION
Many other versions of inflationary cosmology have
been proposed since 1983. Most of them are based not
on the theory of high-temperature phase transitions, as
in old and new inflation, but on the idea of chaotic initial
conditions, which is the definitive feature of the chaotic
inflation scenario. The issue of initial conditions in infla-
tionary cosmology was discussed by various methods in-
cluding Euclidean quantum gravity, stochastic approach
to inflation, etc, see e.g. [14]. Here I would like to take a
simple intuitive approach.
Consider a closed universe of initial size l ∼ 1 (in
Planck units), which emerges from the space-time foam,
or from singularity, or from ‘nothing’ in a state with the
Planck density ρ ∼ 1. Only starting from this moment,
i.e. at ρ <∼ 1, can we describe this domain as a clas-
sical universe. Thus, at this initial moment the sum
of the kinetic energy density, gradient energy density,
and the potential energy density is of the order unity:
1
2 φ˙
2 + 12 (∂iφ)
2 + V (φ) ∼ 1.
We wish to emphasize, that there are no a priori con-
straints on the initial value of the scalar field in this do-
main, except for the constraint 12 φ˙
2+ 12 (∂iφ)
2+V (φ) ∼ 1.
Let us consider for a moment a theory with V (φ) = const.
This theory is invariant under the shift φ→ φ+a. There-
fore, in such a theory all initial values of the homoge-
neous component of the scalar field φ are equally prob-
able. The only constraint on the average amplitude of
the field appears if the effective potential is not constant,
but grows and becomes greater than the Planck density
at φ > φp, where V (φp) = 1. This constraint implies
that φ <∼ φp, but it does not give any reason to expect
that φ≪ φp. This suggests that the typical initial value
φ0 of the field φ in such a theory is φ0 ∼ φp. Thus,
we expect that typical initial conditions correspond to
1
2 φ˙
2 ∼ 12 (∂iφ)2 ∼ V (φ) = O(1). Note that if by any
chance 12 φ˙
2 + 12 (∂iφ)
2 <∼ V (φ) in the domain under con-
sideration, then inflation begins, and within the Planck
time the terms 12 φ˙
2 and 12 (∂iφ)
2 become much smaller
than V (φ), which ensures continuation of inflation. It
seems therefore that chaotic inflation occurs under rather
natural initial conditions, if it can begin at V (φ) ∼ 1
[13,14].
The assumption that inflation may begin at a very
large φ has important implications. For example, in the
theory m2φ2/2 one has φ0 ∼ φp ∼ m−1. Then, accord-
ing to (4), the total size of a closed universe of a typical
initial size O(1) after inflation becomes equal to
l ∼ eφ2p/4 ∼ e1/4m2 . (5)
For m ∼ 3× 10−6 (which is necessary to produce density
perturbations δρ/ρ ∼ 10−5, see below)
l ∼ 101010cm . (6)
According to this estimate, the smallest possible domain
of the universe of initial size O(M−1p ) ∼ 10−33 cm after
inflation becomes much larger than the size of the observ-
able part of the universe ∼ 1028cm. This is the reason
why our part of the universe looks flat, homogeneous and
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isotropic. The same mechanism solves also the horizon
problem. Indeed, any domain of the Planck size, which
becomes causally connected within the Planck time, gives
rise to the part of the universe which is much larger than
the part which we can see now.
In fact, as we will see in Section VI, once inflation
begins in an interval m−1/2 < φ0 < m−1 in the the-
ory m2φ2/2, the universe enters eternal process of self-
reproduction [21]. Thus, if inflation begins in a single
domain of a smallest possible size l = O(1), it makes
the universe locally homogeneous and produces infinitely
many inflationary domains of exponentially large size.
IV. HYBRID INFLATION
In the previous section we considered the simplest
chaotic inflation theory based on the theory of a single
scalar field φ. The models of chaotic inflation based on
the theory of two scalar fields may have some qualita-
tively new features. One of the most interesting models
of this kind is the hybrid inflation scenario [22]. The
simplest version of this scenario is based on chaotic infla-
tion in the theory of two scalar fields with the effective
potential
V (σ, φ) =
1
4λ
(M2 − λσ2)2 + m
2
2
φ2 +
g2
2
φ2σ2 . (7)
The effective mass squared of the field σ is equal to
−M2 + g2φ2. Therefore for φ > φc = M/g the only
minimum of the effective potential V (σ, φ) is at σ = 0.
The curvature of the effective potential in the σ-direction
is much greater than in the φ-direction. Thus at the first
stages of expansion of the universe the field σ rolled down
to σ = 0, whereas the field φ could remain large for a
much longer time.
At the moment when the inflaton field φ becomes
smaller than φc = M/g, the phase transition with the
symmetry breaking occurs. If m2φ2c = m
2M2/g2 ≪
M4/λ, the Hubble constant at the time of the phase
transition is given by H2 = M
4
12λ (in units M=1). If one
assumes that M2 ≫ λm2g2 and that m2 ≪ H2, then the
universe at φ > φc undergoes a stage of inflation, which
abruptly ends at φ = φc.
One of the advantages of this scenario is the possibil-
ity to obtain small density perturbations even if coupling
constants are large, λ, g = O(1). This scenario works
if the effective potential has a relatively flat φ-direction.
But flat directions often appear in supersymmetric the-
ories. This makes hybrid inflation an attractive play-
ground for those who wants to achieve inflation in super-
gravity.
Another advantage of this scenario is a possibility to
have inflation at φ ∼ M/g ≪ 1. (This happens because
the slow rolling of the field φ in this scenario is sup-
ported not by the energy of the field φ as in the scenario
described in the previous section, but by the energy of
the field σ.) This helps to avoid problems which may ap-
pear if the effective potential in supergravity and string
theory blows up at φ > 1. Several different models of hy-
brid inflation in supergravity have been proposed during
the last few years (F-term inflation [23], D-term inflation
[24], etc.) A detailed discussion of various versions of
hybrid inflation in supersymmetric theories can be found
in [25]. Recent developments in this direction have been
reported by Kallosh at this conference [26].
V. QUANTUM FLUCTUATIONS AND DENSITY
PERTURBATIONS
The vacuum structure in the exponentially expand-
ing universe is much more complicated than in ordinary
Minkowski space. The wavelengths of all vacuum fluc-
tuations of the scalar field φ grow exponentially during
inflation. When the wavelength of any particular fluctu-
ation becomes greater than H−1, this fluctuation stops
oscillating, and its amplitude freezes at some nonzero
value δφ(x) because of the large friction term 3Hφ˙ in the
equation of motion of the field φ. The amplitude of this
fluctuation then remains almost unchanged for a very
long time, whereas its wavelength grows exponentially.
Therefore, the appearance of such a frozen fluctuation
is equivalent to the appearance of a classical field δφ(x)
that does not vanish after averaging over macroscopic
intervals of space and time.
Because the vacuum contains fluctuations of all wave-
lengths, inflation leads to the creation of more and more
new perturbations of the classical field with wavelengths
greater than H−1. The average amplitude of such per-
turbations generated during a typical time interval H−1
is given by [7,8]
|δφ(x)| ≈ H
2pi
. (8)
These fluctuations lead to density perturbations that
later produce galaxies. The theory of this effect is very
complicated [9,10], and it was fully understood only in
the second part of the 80’s [11]. Here we will only give a
rough and oversimplified idea of this effect.
Fluctuations of the field φ lead to a local delay of the
time of the end of inflation, δt = δφ
φ˙
∼ H
2piφ˙
. Once the
usual post-inflationary stage begins, the density of the
universe starts to decrease as ρ = 3H2, where H ∼ t−1.
Therefore a local delay of expansion leads to a local den-
sity increase δH such that δH ∼ δρ/ρ ∼ δt/t. Combining
these estimates together yields the famous result [9–11]
δH ∼ δρ
ρ
∼ H
2
2piφ˙
. (9)
This derivation is oversimplified; it does not tell, in par-
ticular, whether H should be calculated during inflation
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or after it. This issue was not very important for new in-
flation where H was nearly constant, but it is of crucial
importance for chaotic inflation.
The result of a more detailed investigation [11] shows
that H and φ˙ should be calculated during inflation, at
different times for perturbations with different momenta
k. For each of these perturbations the value of H should
be taken at the time when the wavelength of the pertur-
bation becomes of the order of H−1. However, the field φ
during inflation changes very slowly, so the quantity H
2
2piφ˙
remains almost constant over exponentially large range
of wavelengths. This means that the spectrum of pertur-
bations of metric is flat.
A detailed calculation in our simplest chaotic inflation
model the amplitude of perturbations gives [25]
δH ∼ mφ
2
5pi
√
6
. (10)
The perturbations on scale of the horizon were produced
at φH ∼ 15 [14]. This, together with COBE normaliza-
tion δH ∼ 2× 10−5 gives m ∼ 3× 10−6, in Planck units,
which is approximately equivalent to 7×1012 GeV. Exact
numbers depend on φH , which in its turn depends slightly
on the subsequent thermal history of the universe.
The magnitude of density perturbations δρρ in our
model depends on the scale l only logarithmically. Flat-
ness of the spectrum of δρρ together with flatness of the
universe (Ω = 1) constitute the two most robust predic-
tions of inflationary cosmology. It is possible to construct
models where δρρ changes in a very peculiar way, and it
is also possible to construct theories where Ω 6= 1, but it
is difficult to do so.
VI. FROM THE BIG BANG THEORY TO THE
THEORY OF ETERNAL INFLATION
The next step in the development of inflationary theory
that I would like to discuss here is the discovery of the
process of self-reproduction of inflationary universe. This
process was known to exist in old inflationary theory [3]
and in the new one [27], but it is especially surprising
and leads to most profound consequences in the context
of the chaotic inflation scenario [21,28]. It appears that
large scalar field during inflation produces large quantum
fluctuations which may locally increase the value of the
scalar field in some parts of the universe. These regions
expand at a greater rate than their parent domains, and
quantum fluctuations inside them lead to production of
new inflationary domains that expand even faster. This
surprising behavior leads to an eternal process of self-
reproduction of the universe.
To understand the mechanism of self-reproduction,
remember that the processes separated by distances l
greater than H−1 proceed independently of one another.
Indeed, during exponential expansion the distance be-
tween any two objects separated by more thanH−1 grows
with a speed exceeding the speed of light. As a result,
an observer in the inflationary universe can see only the
processes occurring inside the horizon of the radius H−1.
An important consequence of this general result is that
the process of inflation in any domain of radius H−1 oc-
curs independently of any events outside it. In this sense
any inflationary domain of initial radius exceeding H−1
can be considered as a separate mini-universe.
To investigate the behavior of such a mini-universe,
with an account taken of quantum fluctuations, let us
consider an inflationary domain of initial radiusH−1 con-
taining sufficiently homogeneous field with initial value
φ ≫ 1. Equation (3) implies that during a typical time
interval ∆t = H−1 the field inside this domain will be
reduced by ∆φ = V
′
V = 2/φ. By comparison of this
expression with |δφ(x)| ≈ H2pi =
√
V (φ)
2pi
√
3
∼ mφ
2pi
√
6
one
can easily see that if φ is much greater than φ∗ ∼ 5√
m
,
then the decrease of the field φ due to its classical mo-
tion is much smaller than the average amplitude of the
quantum fluctuations δφ generated during the same time.
Because the typical wavelength of the fluctuations δφ(x)
generated during the time is H−1, the whole domain af-
ter ∆t = H−1 effectively becomes divided into e3 ∼ 20
separate domains (mini-universes) of radius H−1, each
containing almost homogeneous field φ − ∆φ + δφ. In
almost a half of these domains the field φ grows by
|δφ(x)| − ∆φ ≈ |δφ(x)| = H/2pi, rather than decreases.
This means that the total volume of the universe con-
taining growing field φ increases 10 times. During the
next time interval ∆t = H−1 the situation repeats.
Thus, after the two time intervals H−1 the total vol-
ume of the universe containing the growing scalar field
increases 100 times, etc. The universe enters eternal pro-
cess of self-reproduction. Note that this process begins at
V (φ) ∼ m≪ 1, i.e. at a density that is still much smaller
than the Planck density. In a more general case, the cri-
terion for self-reproduction is 12pi2V ′2 ≪ V 3 [21,28].
Until now we have considered the simplest inflation-
ary model with only one scalar field, which had only one
minimum of its potential energy. Meanwhile, realistic
models of elementary particles describe many kinds of
scalar fields. The potential energy of these scalar fields
may have several different minima. This means that the
same theory may have different “vacuum states,” cor-
responding to different types of symmetry breaking be-
tween fundamental interactions, and, consequently, to
different laws of low-energy physics.
As a result of quantum jumps of the scalar fields dur-
ing inflation, the universe may become divided into in-
finitely many exponentially large domains that have dif-
ferent laws of low-energy physics. Note that this division
occurs even if the whole universe originally began in the
same state, corresponding to one particular minimum of
potential energy.
To illustrate this scenario, we present here the results
6
of computer simulations of evolution of a system of two
scalar fields during inflation. The field φ is the inflaton
field driving inflation; it is shown by the height of the
distribution of the field φ(x, y) in a two-dimensional slice
of the universe. The second field, Φ, determines the type
of spontaneous symmetry breaking which may occur in
the theory. We paint the surface black if this field is in
a state corresponding to one of the two minima of its
effective potential; we paint it white if it is in the second
minimum corresponding to a different type of symmetry
breaking, and therefore to a different set of laws of low-
energy physics.
In the beginning of the process the whole inflationary
domain is black, and the distribution of both fields is
very homogeneous. Then the domain became exponen-
tially large (but it has the same size in comoving coordi-
nates, as shown in Fig. 3). Each peak of the mountains
corresponds to nearly Planckian density and can be in-
terpreted as a beginning of a new “Big Bang.” The laws
of physics are rapidly changing there, but they become
fixed in the parts of the universe where the field φ be-
comes small. These parts correspond to valleys in Fig. 3.
Thus quantum fluctuations of the scalar fields divide the
universe into exponentially large domains with different
laws of low-energy physics, and with different values of
energy density.
Note, that this process occurs only if the Hubble con-
stant during inflation is much greater than the masses of
the field Φ in the minima of the effective potential. In
the new inflation scenario the Hubble constant H was
about three orders of magnitude smaller thanMGUT and
six orders of magnitude smaller than the Planck mass.
The transitions of the type discussed above would be im-
possible of at least very improbable. This was one of the
reasons why the realization that new inflation is eternal
did not attract much interest and for a long time re-
mained essentially forgotten by everyone including those
who have found this effect [27].
The situation changed completely when it was found
that eternal inflation occurs in the chaotic inflation sce-
nario [21]. Indeed, in this case eternal process of self-
reproduction of the universe is possible even at H ∼Mp.
This allows the transitions between all vacua even if the
masses of the corresponding scalar fields approach the
Planck mass. In such a case the universe can probe all
possible vacuum states of the theory. This for the first
time provided physical justification of the anthropic prin-
ciple.
Indeed, if this scenario is correct, then physics alone
cannot provide a complete explanation for all properties
of our part of the universe. The same physical theory may
yield large parts of the universe that have diverse proper-
ties. According to this scenario, we find ourselves inside a
four-dimensional domain with our kind of physical laws
not because domains with different dimensionality and
with alternate properties are impossible or improbable,
but simply because our kind of life cannot exist in other
domains.
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FIG. 3. Evolution of scalar fields φ and Φ during the pro-
cess of self-reproduction of the universe. The height of the
distribution shows the value of the field φ which drives in-
flation. The surface is painted black in those parts of the
universe where the scalar field Φ is in the first minimum of its
effective potential, and white where it is in the second mini-
mum. Laws of low-energy physics are different in the regions
of different color. The peaks of the “mountains” correspond
to places where quantum fluctuations bring the scalar fields
back to the Planck density. Each of such places in a certain
sense can be considered as a beginning of a new Big Bang.
VII. INFLATION AND OBSERVATIONS
Inflation is not just an interesting theory that can re-
solve many difficult problems of the standard Big Bang
cosmology. This theory made several predictions which
can be tested by cosmological observations. Here are the
most important predictions:
1) The universe must be flat. In most models Ωtotal =
1± 10−4.
2) Perturbations of metric produced during inflation
are adiabatic.
3) Inflationary perturbations have flat spectrum. In
most inflationary models the spectral index n = 1 ± 0.2
(n = 1 means totally flat.)
4) These perturbations are gaussian.
5) Perturbations of metric could be scalar, vector or
tensor. Inflation mostly produces scalar perturbations,
but it also produces tensor perturbations with nearly
flat spectrum, and it does not produce vector perturba-
tions. There are certain relations between the properties
of scalar and tensor perturbations produced by inflation.
6) Inflationary perturbations produce specific peaks in
the spectrum of CMB radiation.
It is possible to violate each of these predictions if one
makes this theory sufficiently complicated. For example,
it is possible to produce vector perturbations of metric in
the models where cosmic strings are produced at the end
of inflation, which is the case in some versions of hybrid
inflation. It is possible to have open or closed inflationary
universe, it is possible to have models with nongaussian
isocurvature fluctuations with a non-flat spectrum. How-
ever, it is extremely difficult to do so, and most of the
inflationary models satisfy the simple rules given above.
It is not easy to test all of these predictions. The major
breakthrough in this direction was achieved due to the
recent measurements of the CMB anisotropy. These mea-
surements revealed the existence of two (or perhaps even
three) peaks in the CMB spectrum. Position of these
peaks is consistent with predictions of the simplest in-
flationary models with adiabatic gaussian perturbations,
with Ω = 1± 0.03, and n = 1.03± 0.06 [30].
Inflationary scenario is very versatile, and now, after 20
years of persistent attempts of many physicists to propose
an alternative to inflation, we still do not know any other
way to construct a consistent cosmological theory. But
may be we did not try hard enough?
Since most of inflationary models are based on 4D cos-
mology, it would be natural to venture into the study of
higher-dimensional cosmological models. In what follows
we will discuss one of the recent attempts to formulate
an alternative cosmological scenario.
VIII. ALTERNATIVES TO INFLATION?
There were many attempts to suggest an alternative
to inflation. However, in order to compete with infla-
tion a new theory should offer an alternative solution
to many difficult cosmological problems. Let us look at
these problems again before starting a discussion.
1) Homogeneity problem. Before even starting investi-
gation of density perturbations and structure formation,
one should explain why the universe is nearly homoge-
neous on the horizon scale.
2) Isotropy problem. We need to understand why all
directions in the universe are similar to each other, why
there is no overall rotation of the universe. etc.
3) Horizon problem. This one is closely related to the
homogeneity problem. If different parts of the universe
have not been in a causal contact when the universe was
born, why do they look so similar?
4) Flatness problem. Why Ω = 1±0.03? Why parallel
lines do not intersect?
5) Total entropy problem. The total entropy of the ob-
servable part of the universe is greater than 1087. Where
did this huge number come from? Note that the lifetime
of a closed universe filled with hot gas with total entropy
S is S2/3 × 10−43 seconds [14]. Thus S must be huge.
Why?
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6) Total mass problem. The total mass of the observ-
able part of the universe has mass ∼ 1060Mp. Note also
that the lifetime of a closed universe filled with nonrela-
tivistic particles of total mass M is MMP × 10−43 seconds.
Thus M must be huge. But why?
7) Structure formation problem. If we manage to ex-
plain the homogeneity of the universe, how can we ex-
plain the origin of inhomogeneities required for the large
scale structure formation?
8) Monopole problem, gravitino problem, etc.
This list is very long. That is why it was not easy
to propose any alternative to inflation even before we
learned that Ω ≈ 1, n ≈ 1, and that the perturbations
responsible for galaxy formation are mostly adiabatic, in
agreement with predictions of the simplest inflationary
models.
Despite this difficulty (or maybe because of it) there
was always a tendency to announce that we have even-
tually found a good alternative to inflation. This was
the ideology of the models of structure formation due
to topological defects or textures. Of course, even 10
years ago everybody knew that these theories at best
could solve only one problem (structure formation) out of
the 8 problems mentioned above. The true question was
whether inflation with cosmic strings/textures is any bet-
ter than inflation without cosmic strings/textures. How-
ever, such a formulation would not make the headlines.
Therefore the models of structure formation due to topo-
logical defects or textures sometimes were advertised in
public press as the models that “match the explanatory
triumphs of inflation while rectifying its major failings”
[31].
Recently the theory of topological defects and textures
as a source of the large scale structure was essentially
ruled out by observational data, but the tradition of ad-
vertisement of various ‘successful’ alternatives to inflation
is still flourishing. Recent example is given by the ekpy-
rotic/cyclic scenario [32,33]. The 50-pages long paper on
ekpyrotic scenario [32] appeared in hep-th in April 2001,
and ten days later, before any experts could make their
judgement, it was already enthusiastically discussed on
BBC and CNN as a viable alternative to inflation. The
reasons for the enthusiasm can be easily understood. We
were told that finally we have a cosmological theory that
is based on string theory and that is capable of solving
all major cosmological problems without any use of in-
flation, which was called ‘superluminal expansion’ [32].
However, a first look at this scenario revealed several
minor problems and inconsistencies, then we have found
much more serious problems, and eventually it became
apparent that the original version of the ekpyrotic sce-
nario [32] did not live to its promise [34,35]. In particular,
instead of expanding, the ekpyrotic universe collapses to
a singularity [35,36]. The theory of density perturba-
tions in this scenario is very controversial [37–42]. More
importantly, this scenario offers no solution to major cos-
mological problems such as the homogeneity, flatness and
entropy problems, so it is not a viable alternative to in-
flation [34]. Let me explain this part first, before we turn
our attention to the cyclic scenario [33].
IX. EKPYROSIS
A. Basic scenario
According to the ekpyrotic scenario [32], we live at one
of the two ‘heavy’ 4D branes in 5D universe described by
the Hor˘ava-Witten (HW) theory [43]. Our brane is called
visible, and the second brane is called hidden. There is
also a ‘light’ bulk brane at a distance Y from the visible
brane in the 5th direction.
The three brane configuration is assumed to be in a
nearly stable BPS state. The bulk brane has potential
energy V (Y ) = −ve−mαY , where m is some constant. It
is assumed that at small Y the potential suddenly van-
ishes.
The bulk brane moves towards our brane and collides
with it. Due to the slight contraction of the scale factor of
the universe, the bulk brane carries some residual kinetic
energy immediately before the collision with the visible
brane. After the collision, this residual kinetic energy
transforms into radiation which will be deposited in the
three dimensional space of the visible brane. The visible
brane, now filled with hot radiation, somehow begins to
expand as a flat FRW universe. Quantum fluctuations
of the position of the bulk brane generated during its
motion from Y = R to Y = 0 will result in density fluc-
tuations with a nearly flat spectrum. The spectrum will
have a blue tilt. It is argued that the problems of ho-
mogeneity, isotropy, flatness and horizon do not appear
it this model because the universe, according to [32], ini-
tially was in a nearly BPS state, which is homogeneous.
B. Ekpyrotic scenario versus string theory
It would be great to have a realistic brane cosmology
based on string theory. However, ekpyrotic theory is just
one of the many attempts to do so, and its relation to
string theory is rather indirect.
One of the central assumptions of the ekpyrotic sce-
nario is that we live on a negative tension brane. How-
ever, the standard HW phenomenology [43] is based on
the assumption that the tension of the visible brane is
positive. There were two main reasons for such an as-
sumption. First of all, in practically all known versions
of the HW phenomenology, with few exceptions, a smaller
group of symmetry (such as E6) lives on the positive ten-
sion brane and provides the basis for GUTs, whereas the
symmetry E8 on the negative tension brane may remain
unbroken. It is very difficult to find models where E6 or
SU(5) live on the negative tension brane [44,45].
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There is another reason why the tension of the vis-
ible brane is positive in the standard HW phenomenol-
ogy [43]: The square of the gauge coupling constant is in-
versely proportional to the Calabi-Yau volume [43]. On
the negative tension brane this volume is greater than
on the positive tension one, see e.g. [32]. In the stan-
dard HW phenomenology it is usually assumed that we
live on the positive tension brane with small gauge cou-
pling,
g2GUT
4pi ∼ 0.04. On the hidden brane with nega-
tive tension the gauge coupling constant becomes large,
g2hidden
4pi = O(1), which makes the gaugino condensation
possible [43]. It is not impossible to have a consistent
phenomenology with the small gauge coupling on the hid-
den brane, but this is an unconventional and not well
explored possibility [44]. Therefore the original version
of the ekpyrotic scenario was at odds with the standard
HW phenomenology as defined in [43].
Another set of problems is related to the potential
V (Y ) playing crucial role in this scenario. This potential
is supposed to appear as a result of nonperturbative ef-
fects. However, it is not clear whether the potential with
required properties may actually emerge in the HW the-
ory. Indeed, the potential V (Y ) must be very specific.
It should vanish at Y = 0, and it must be negative and
behave as −e−αmY at large Y . One could expect terms
like that, but in general one also obtains terms such as
±e−αm(R−Y ), where R − Y is the distance between the
bulk brane and the second ‘heavy’ brane [46]. Such
terms, as well as power-law corrections, must be forbid-
den if one wants to obtain density perturbations with flat
spectrum [34]. The only example of a calculation of the
potential of such type was given in [46]. In this example
the “forbidden” terms ±e−αm(R−Y ) do appear, and the
sum of all terms is not negative, as assumed in [32], but
strictly positive [46].
An additional important condition is that near the hid-
den brane the absolute value of the potential must be
smaller than e−120, because otherwise the density pertur-
bations on the scale of the observable part of the universe
will not be generated [34]. Also, if one adds a positive
constant suppressed by the factor ∼ e−120 to V (Y ), in-
flation may begin. This is something the authors of the
ekpyrotic scenario were trying to avoid.
But if the nonperturbative effects responsible for V (Y )
are so weak, how can they compete with the strong forces
which are supposed to stabilize the positions of the vis-
ible brane and the hidden brane in Hor˘ava-Witten the-
ory? Until the brane stabilization mechanism is under-
stood, it is very hard to trust any kind of “derivation” of
the miniscule nonperturbative potential V (Y ) with ex-
tremely fine-tuned properties.
After we made these comments [34], the authors of the
ekpyrotic scenario have changed it. In the cyclic scenario
[33] the potential V (Y ) is supposed to approach a small
positive value at large Y . This leads to inflation that is
supposed to solve the homogeneity problem. Thus, cyclic
scenario is no longer an alternative to inflation. Also, the
branes in cyclic scenario are not stabilized. Therefore
this scenario is no longer related to the standard string
phenomenology.
C. Singularity problem
The discussion of brane collision in the ekpyrotic sce-
nario was based on static 5D solution describing non-
moving branes in the absence of the potential V (Y ) [32].
However, the action as well as the solution for the static
3-brane configuration given in [32] was not quite correct.
The corrected version of the action and the solution was
given in [35].
More importantly, the solution discussed there was
given for branes that were not moving. It was assumed
in [32] that in order to study 5D cosmological solutions
it is sufficient to take the static metric used in [32] and
make its coefficients time-dependent. However, we have
found that the 5D cosmological solution given in [32]
was incorrect. The ansatz for the metric and the fields
used in [32] does not solve the time-dependent 5D equa-
tions [35]. Moreover, we have shown that if one uses
effective 4D theory in order to describe the brane mo-
tion, as proposed in [32], the universe after the brane
collision can only collapse [35]. Thus, instead of the Big
Bang one gets a Big Crunch! This conclusion later was
confirmed in [36].
Since that time, the singularity problem became an
unavoidable part of the ekpyrotic/cyclic scenario. This
problem is very complicated. In this respect, various au-
thors have rather different opinions. Those who ever tried
to solve this problem in general relativity are more than
skeptical. The authors of the ekpyrotic scenario hope
that experts in string theory will solve the problem of the
cosmological singularity very soon. Meanwhile, the ex-
perts in string theory study toy models, such as the 2+1
dimensional model with a null singularity rather than
with a space-like cosmological singularity [48]. Even in
these models the situation is very complicated because
of certain divergent scattering amplitudes. Therefore at
present string theorists do not want to make any specu-
lations about the resolution of the singularity problem in
realistic cosmological theories [49,50].
D. Density perturbations
The problems discussed above are extremely compli-
cated. But let us take a positive attitude and assume for
a moment that all of these problems eventually will be
solved.
Now let us discuss the mechanism of generation of
density perturbations in the ekpyrotic scenario. As was
shown in [34], this mechanism is based on the tachyonic
instability with respect to generation of quantum fluctu-
ations of the bulk brane position in the theory with the
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potential V (Y ) ∼ −e−αmY . One may represent the po-
sition of the brane Y (x) by a scalar field φ, and find that
the long wavelength quantum fluctuations of this field
grow exponentially because the effective mass squared of
this field, proportional to V ′′(Y ), is negative. A detailed
theory of such instabilities recently was developed in the
context of the theory of tachyonic preheating [19].
Inhomogeneities of the brane position lead to the x-
dependent time delay of the Big Crunch, i.e. of the
moment when the ‘brane damage’ occurs and matter
is created. In inflationary theory, a position-dependent
delay of the moment of reheating leads to density per-
turbations [9,10]. Simple estimates based on a similar
idea lead to the conclusion [34] that in the scenario with
V (Y ) ∼ −e−αmY one obtains a nearly flat spectrum of
perturbations δt. If one naively multiplies δt by H af-
ter the brane collision, these perturbations translate into
density perturbations δρ/ρ ∼ Hδt. These perturbations
have flat spectrum with a small red tilt [34].∗
However, this approach is oversimplified. Just as in the
case of inflationary theory, one should specify when the
Hubble constant is to be evaluated. In the ekpyrotic the-
ory this question is crucial, because during the process
of production of the perturbations δt the Hubble con-
stant is vanishingly small, and it was rapidly changing.
Therefore if one multiplies δt by H at the time of the
production of fluctuations δφ, as we did for inflationary
theory, one will get extremely small perturbations with
a non-flat spectrum.
In order to obtain an unambiguous result, one should
use the methods developed in [11]. There were several
attempts to do so. The authors of the ekpyrotic theory,
as usual, are very optimistic and claim that they are ob-
taining perturbations with flat spectrum [37]. Meanwhile
everybody else [38–41], with exception of Ref. [42], insist
that adiabatic perturbations with flat spectrum are not
generated in this scenario, or, in the best case, we simply
cannot tell anything until the singularity problem in this
theory is resolved.
I share this point of view, and I would like to add to
it something else. The theory of density perturbations in
the ekpyrotic/cyclic scenario is immensely complicated.
The authors of [37] have already made 3 revisions of
their paper, and the final results continue slightly chang-
ing. Whereas originally the spectrum of perturbations
in their scenario was supposed to be blue (decreasing at
large scales) [32], now they say that it is red. In order
to obtain perturbations of desirable magnitude, it is usu-
ally required that the absolute value of the effective po-
tential V (Y ) should be greater than the Planck density,
∗If one takes non-exponential potentials decreasing at large
Y , such as −Y n with n < 40, the tilt becomes unacceptably
large [34]. This brings back the unsolved problem of the origin
of the purely exponential potential V (Y ) postulated in [32].
|V (Y )| >∼ 1 [37,33], see below. But in this case the per-
turbation theory is expected to fail, quite independently
of the singularity problem.
I believe that a complete analysis of this problem could
be possible only in the 5D theory rather than in the ef-
fective 4D theory. This brings additional complications
described in [35,51].
E. And the main problem is...
If adiabatic density perturbations with flat spectrum
are not produced [38–41], one may stop any further dis-
cussion of this scenario. However, let us be optimistic
again and assume that the singularity problem is re-
solved and the theory of density perturbations developed
in [32,34,37] is correct. In this case one has a new prob-
lem to consider.
Tachyonic instability, which is the source of these
perturbations, amplifies not only quantum fluctuations,
but also classical inhomogeneities [34]. These inhomo-
geneities grow in exactly the same way as the quan-
tum fluctuations with the same wavelength. Therefore
to avoid cosmological problems the initial classical in-
homogeneities of the branes must be below the level of
quantum fluctuations. In other words, the universe on
the large scale must be ideally homogeneous from the
very beginning. By evaluating the initial amplitude of
quantum fluctuations on the scale corresponding to the
observable part of the universe one finds that the branes
must be parallel to each other with an accuracy better
than 10−60 on a scale 1030 times greater than the distance
between the branes [34].
To understand the nature of the problem one may
compare this scenario with inflation. Inflation removes
all previously existing inhomogeneities and simultane-
ously produces small density perturbations. Meanwhile
in the ekpyrotic scenario even very small initial inhomo-
geneities become exponentially large. Therefore instead
of resolving the homogeneity problem, the ekpyrotic sce-
nario makes this problem much worse.
Now let us assume for a moment that we were able
to solve the homogeneity problem without using infla-
tion. But we still have the flatness/entropy problem to
solve. Suppose that the universe is closed, and initially
it was filled with radiation with total entropy S. Then
its total lifetime is given by t ∼ S2/3M−1p , after which
it collapses [14]. In order to survive until the moment
t ∼ 1034Mp, where the inhomogeneities on the scale of
the present horizon are produced in the ekpyrotic sce-
nario, the universe must have the total entropy greater
than 1050 [34]. Thus in order to explain why the total
entropy (or the total number of particles) in the observ-
able part of the universe is greater than 1088 one must
assume that it was greater than 1050 from the very be-
ginning. This is the entropy problem [14]. If the universe
initially has the Planckian temperature, its total initial
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mass must be greater than 1050Mp, which is the mass
problem. Also, such a universe must have very large size
from the very beginning, which is the essence of the flat-
ness problem [14].
In comparison, in the simplest versions of chaotic in-
flation scenario the homogeneity problem is solved if our
part of the universe initially was relatively homogeneous
on the smallest possible scale O(M−1p ) [13]. The whole
universe could have originated from a domain with total
entropy O(1) and total mass O(Mp). Once this process
begins, it leads to eternal self-reproduction of the uni-
verse in all its possible forms [21,14]. Nothing like that
is possible in the ekpyrotic scenario.
Thus, the original version of the ekpyrotic scenario
does not represent a viable alternative to inflation. Inde-
pendently of all other troublesome features of the ekpy-
rotic scenario, it does not solve the homogeneity, flatness
and entropy problems. Apparently, the authors of this
scenario realized it, because their new model, cyclic sce-
nario [33], includes an infinite number of stages of infla-
tion. Each new stage of inflation is supposed to ensure
homogeneity of the universe at the subsequent cycle. The
main difference between this version of inflationary the-
ory and the usual one is that inflation in cyclic universe
occurs before the singularity rather than immediately af-
ter it. I will describe this scenario following our recent
paper with Felder, Frolov and Kofman [52].
X. CYCLIC UNIVERSE
A. Basic scenario
In Ref. [34] it was pointed out that avoiding infla-
tion in the ekpyrotic scenario requires incredible fine-
tuning. If one adds a small positive constant V0 to
V (Y ) ∼ −e−αmY , the universe at large Y becomes in-
flationary. In the beginning the authors of the ekpy-
rotic scenario claimed that they do not need this stage of
‘superluminal expansion’ to solve all major cosmological
problems, but eventually they did exactly what we sug-
gested in [34]: They added a small constant V0 ∼ 10−120
(in Planck units) to V (Y ) ∼ −e−αmY , which leads to
inflation at large Y .
Since the cyclic scenario is formulated mainly in terms
of the effective 4D theory with the brane separation Y
represented by a scalar field φ, we will follow the same
route. In this language, cyclic scenario, unlike ekpyrotic
scenario, assumes, in accordance with [34], that the po-
tential V (φ) at large φ behaves as V0(1− e−cφ) [33]:
V (φ) = V0 (1 − e−cφ) F (φ) . (11)
In the particular example studied in the last paper of
Ref. [33] one has F (φ) = e−e
−γφ
, V0 = 10
−120, c = 10,
γ ≈ 1/8. This potential is shown in Fig. 4. At φ = 0 this
potential vanishes. It approaches its asymptotic value
V0 = 10
−120 at φ >∼ 1.
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FIG. 4. Cyclic scenario potential used in Ref. [33]. The
potential at φ > 1 approaches a very small constant value
V0 ∼ 10
−120. At φ≪ −40 the potential vanishes.
Inflation in this scenario is possible at φ >∼ 1. The
potential has a minimum at φ ≈ −36; the value of the
potential in this minimum is Vmin ≈ −3 in units of Planck
density [33].
Let us try to understand the origin of the parameters
c = 10, γ ≈ 1/8 and Vmin ∼ 3 used in [33]. According
to [37], the amplitude of density perturbations can be
estimated as δH <∼ 10−7ξ4v−2/30
√
|Vmin|. Here ξ ≪ 1 and
v0 is a ratio of Calabi-Yau volume to M
−6
GUT . That is
why in order to obtain δH ∼ 2× 10−5 for v0 = O(1) [53]
one should have |Vmin| ≫ 1. The spectrum of density
perturbations obtained in [37] is not blue, as in [32], but
red, like in the simplest versions of chaotic inflation. The
spectral index is n ≈ 1−4/c2. Observational data suggest
that n = 1.03±0.06 [30], which implies that c >∼ 10. If one
takes c≫ 10, and Vmin > 1, one finds that the curvature
of the effective potential in its minimum becomes much
greater than 1, i.e. the scalar particles there have mass
that is much greater than Mp.
Once one takes V ∼ −3 in the minimum of the po-
tential with c = 10 [33], the parameter γ can be deter-
mined numerically: γ = 0.1226. It would be hard to
provide explanation of the numerical value of this pa-
rameter. If one takes, for example, γ = 1/8 = 0.125, one
finds V ∼ −3 × 10−3 in the minimum of the potential.
This would reduce δH by a factor of 30. Thus, in order to
have density perturbations with a correct magnitude one
should fine-tune the value of γ = 0.1226 with accuracy
better than 1%.
According to cyclic scenario, right now the scalar field
is large, φ > 1, so that V (φ) ≈ V0 ∼ 10−120. This cor-
responds to the present stage of accelerated expansion of
the universe. Gradually the field φ begins drifting to the
left and falls towards the minimum of V (φ). On the way
there the curvature of the potential becomes negative,
and therefore small perturbations of the field φ are gen-
erated by the mechanism explained in [19,32,34]. These
are the fluctuations that are supposed to produce density
perturbations after the singularity.
Then the field reaches the region with V (φ) < 0. At
some point the total energy (including kinetic energy)
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vanishes. At that time, according to the Friedmann equa-
tion for a flat universe a˙2/a2 = ρ/3, the universe stops
expanding and begins to contract to a singularity. Col-
lapse leads to negative friction coefficient 3H in the term
3Hφ˙, which accelerates the evolution of the field φ. A
numerical investigation of the motion of the field moving
from φ > 0 in a theory with this potential shows that its
kinetic energy at the moment when φ reaches the mini-
mum of the effective potential is O(102)M4p . When the
field approaches φ ∼ −39, where the effective potential
becomes flat, the kinetic energy of the field φ becomes
∼ 106M4p , i.e. a million times greater than the Planck
density!
At this stage a weaker soul could falter, but we must
proceed because we did not describe the complete sce-
nario yet.
The subsequent evolution develops very fast. When
the field accelerates enough it enters the regime φ˙2 ≫
V (φ) and continues moving to −∞ with a speed practi-
cally independent of V (φ): φ ∼ ln t, φ˙ ∼ t−1, where t
is the time remaining until the Big Crunch singularity.
For all potentials V (φ) growing at large φ no faster than
some power of φ one has φ˙2/2 growing much faster than
V (φ) (a power law singularity versus a logarithmic sin-
gularity). This means that one can neglect V (φ) in the
investigation of the singularity, virtually independently of
the choice of the potential at large |φ| [52]. This regime
corresponds to a ‘stiff’ equation of state p = ρ.
Usually, the Big Crunch singularity is considered the
end of the evolution of the universe. However, in the
cyclic scenario it is assumed that the universe goes
through the singularity and re-appears again. When it
appears, in the first approximation it looks exactly as it
was before, and the scalar field moves back exactly by
the same trajectory by which it reached the singularity
[50].
This is not a desirable cyclic regime. Therefore it is
assumed in [33] that the value of kinetic energy of the
field φ increases after the bounce from the singularity.
This increase of energy of the scalar field is supposed
to appear as a result of particle production at the mo-
ment of the brane collision (even though one could argue
that usually particle production leads to an opposite ef-
fect). It is very hard to verify the validity of this crucial
assumption since the consistency of the 5D picture pro-
posed in [33] is questionable, see e.g. [51]. But let us just
assume that this is indeed the case because otherwise the
whole scenario does not work and we have nothing to dis-
cuss. If the increase of the kinetic energy is large enough,
the field φ rapidly rolls over the minimum of V (φ) in a
state with a positive total energy density, and continues
its motion towards φ > 0. The kinetic energy of the
field decreases faster than the energy of matter produced
at the singularity. At some moment the energy of mat-
ter begins to dominate. Eventually the energy density
of ordinary matter becomes smaller than V (φ) and the
present stage of inflation (acceleration of the universe)
starts again. This happens if the field φ initially moved
fast enough to reach the plateau of the effective potential
at φ≫ 1.
Because the potential at φ ≫ 1 is very flat, the field
may stay there for a long time and inflation will make
the universe flat and empty. Eventually the field rolls
towards the minimum of the potential again, and the
universe enters a new cycle of contraction and expansion.
As we see, this version of the ekpyrotic scenario is not
an alternative to inflation anymore. Rather it is a very
specific version of inflationary theory. The major cos-
mological problems are supposed to be solved due to
exponential expansion in a vacuum-like state, i.e. by
inflation, even though it is a low-energy inflation and
the mechanism of production of density perturbations
in this scenario is non-standard. Let us remember that
Guth’s first paper on inflation [3] was greeted with so
much enthusiasm precisely because it proposed a solution
to the homogeneity, isotropy, flatness and horizon prob-
lems due to exponential expansion in a vacuum-like state,
even though it didn’t address the formation of large scale
structure. The Starobinsky model that was proposed a
year earlier [15] could account for large scale structure
and the observed CMB anisotropy [9], but it did not at-
tract as much attention because it did not address the
possibility of solving these initial condition problems.
In fact, the stage of acceleration of the universe in the
cyclic model is eternal inflation. Eternal inflation occurs
if V ′2 ≪ V 3 [21,28]. For the potential V (φ) used in the
cyclic model this condition is satisfied at large φ since
V = const in the limit φ → ∞, whereas V ′ → 0 in
this limit. Thus the universe at large φ (at φ > 15 in
the model of Ref. [33]) enters the stage of eternal self-
reproduction, quite independently of the possibility to
go through the singularity and re-appear again. In other
words, the universe in the cyclic scenario is not merely
a chain of eternal repetition, as expected in [33], but a
growing self-reproducing inflationary fractal of the type
discussed in [27,21,28].
One may wonder, however, whether this version of in-
flationary theory is good enough to solve all major cos-
mological problems. Indeed, inflation in this scenario
may occur only at a density 120 orders of magnitude
smaller than the Planck density. If, for example, one
considers a closed universe filled with matter and a scalar
field with the potential used in the cyclic model, it will
typically collapse within the Planck time t ∼ 1, so it
will not survive until the beginning of inflation in this
model at t ∼ 1060. For consistency of this scenario, the
overall size of the universe at the Planck time must be
greater than l ∼ 1030 in Planck units, which constitutes
the usual flatness problem. The total entropy of a hot
universe that may survive until the beginning of infla-
tion at V ∼ 10−120 should be greater than 1090, which is
the entropy problem [14]. An estimate of the probability
of quantum creation of such a universe “from nothing”
gives P ∼ e−|S| ∼ exp
(
− 24piV0
)
∼ e−120 [54].
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There are many other unsolved problems related to
this theory, such as the origin of the potential V (φ) [34]
and the 5D description of the process of brane motion
and collision [35,51]. In particular, the cyclic scenario
assumes that the distance between the branes is not sta-
bilized, i.e. the field φ at present is nearly massless. This
may lead to a strong violation of the equivalence prin-
ciple. This is one of the main reasons why it is usually
assumed that the branes in Hor˘ava-Witten theory must
be stabilized. To avoid this problem, the authors of [33]
introduce the function β(φ) describing interaction of the
scalar field with matter. The violation of the equivalence
principle can be avoided if (lnβ(φ)),φ ≪ 10−3. However,
in the Kaluza-Klein limit, in which the 4D approxima-
tion used in [33] could be valid, one has β(φ) ∼ eφ/
√
6
[33]. In this approximation, one has (ln β(φ)),φ = 1/
√
6,
and the equivalence principle is strongly violated.
We will not discuss these problems here any longer.
Instead of that, we will concentrate on the phenomeno-
logical description of possible cycles using the effective
4D description of this scenario. This will allow us to find
out whether the cyclic regime is indeed a natural feature
of the scenario proposed in [33].
B. Are there any cycles in the cyclic scenario?
As we have seen, the existence of the cyclic regime
requires investigation of particle production in the sin-
gularity. Fortunately, this subject was intensely studied
more than 20 years ago. The main results can be sum-
marised as follows. Since H ∼ t−1 in the standard big
bang theory, the curvature scalar R in the universe dom-
inated by a kinetic energy of a scalar field behaves as
t−2 . Scalar particles minimally coupled to gravity, as
well as gravitons and helicity 1/2 gravitinos [55], are not
conformally invariant; their frequencies thus experience
rapid nonadiabatic changes induced by the changing cur-
vature. These changes lead to particle production due
to nonadiabaticity with typical momenta k2 ∼ R ∼ t−2.
The total energy-momentum tensor of such particles pro-
duced at a time t after (or before) the singularity is
Tµν ∼ O(k4) ∼ R2 ∼ t−4 [56,57]. Comparing the density
of produced particles with the classical matter or radia-
tion density of the universe ρ ∼ t−2, one finds that the
density of created particles produced at the Planck time
t ∼ 1 is of the same order as the total energy density in
the universe. Moreover, if one bravely attempts to de-
scribe the situation near the singularity, at R > 1, then
one may conclude that the contribution of particles pro-
duced near the singularity (as well as the contribution of
quantum corrections to Tµν) is always greater than the
energy momentum tensor of the classical scalar field.
This argument will be very important for us. The ex-
istence of even a small amount of particles created near
the singularity may have a significant effect on the mo-
tion of the field. Indeed, the kinetic energy of the scalar
field φ˙2/2 in the regime φ˙2/2 ≫ V (φ) decreases as a−6.
Meanwhile, the density of ultrarelativistic particles de-
creases as a−4. Therefore at some moment t0 the energy
density of ultrarelativistic particles eventually becomes
greater than φ˙2/2. In this regime (and neglecting V (φ))
one can show that φ˙ = φ˙0
a3
0
a3 = φ˙0
(
t0
t
)3/2
. Even if this
regime continues for an indefinitely long time, the total
change of the field φ during this time remains quite lim-
ited. Indeed,
∆φ ≤
∞∫
t0
φ˙dt = φ˙0
∞∫
t0
(
t0
t
) 3
2
dt = 2 φ˙0t0. (12)
If t0 is the very beginning of radiation domination
(φ˙20/2 ∼ ρtotal), then H0 ∼ t−10 ∼ φ˙0. Therefore
∆φ <∼ 1 (13)
in Planck units (i.e. ∆φ <∼Mp).
This simple result has several important implications.
In particular, if the motion of the field in a matter-
dominated universe begins at |φ| ≫ 1, then it can move
only by ∆φ <∼ 1. Therefore in theories with flat poten-
tials the field always remains frozen at |φ| ≫ 1. It begins
moving again only when the Hubble constant decreases
and |3Hφ˙| becomes comparable to |V,φ |. But in this case
the condition 3Hφ˙ ≈ |V,φ | automatically leads to infla-
tion in such theories as m2φ2/2 for φ ≫ 1. This means
that even a small amount of matter or radiation may in-
crease the chances of reaching a stage of inflation, see
[58,52].
In application to the cyclic scenario this result implies
that the scalar field in presence of ultrarelativistic matter
created near the singularity should immediately loose its
kinetic energy and freeze to the left of the minimum of the
effective potential at Fig. 4. Then it slowly falls to the
minimum. If the field would move rapidly, as expected
in [33] , it would roll to positive φ without triggering the
collapse of the universe. But a slow motion leads to a
collapse of the universe [52], instead of the inflationary
stage anticipated in [33].
But what if we are wrong, and for some reason par-
ticle production near the singularity was inefficient [59]?
Independently of it, a later stage of efficient particle pro-
duction is unavoidable. Indeed, at φ < −40 the mass
squared of the scalar field m2 = V ′′ vanishes. Near the
minimum one has m >∼ O(1) in Planck units, and at
φ > −32 the mass almost exactly vanishes again. The
transition from m ≪ 1 to m ∼ 1 and back to m ≪ 1
occurs within the time ∆t ∼ 1. Thus, the change of the
mass was strongly non-adiabatic, with typical frequency
∼ 1. This should lead to production of ultrarelativistic
particles φ with Planckian density [18]. These particles,
in their turn, should immediately freeze the motion of
the field φ near φ ∼ −30. The field never reaches the
region φ > 1, and inflation never begins. Instead of that,
the field again slowly falls to the minimum of V (φ) and
the universe collapses.
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Thus, unless one makes some substantial modification
to the scenario proposed in [33], it does not work in the
way anticipated by its authors.
C. Cycles and epicycles
Of course, one could save this scenario by adding new
epicycles to it. For example, if particle production near
the singularity at φ = −∞ freezes the field to the left
of the minimum of V (φ), then the universe collapses for
the second time when the field runs to φ = +∞. If the
field bounces back from the singularity at φ = +∞ and
then freezes at φ > 0 due to efficient particle production
at the singularity, a stage of low-energy inflation begins.
This scenario is quite different from the one proposed in
[33], but it might work. Density perturbations in this sce-
nario will be produced due to tachyonic instability in the
potential with the shape determined by the term e−e
−γφ
.
Also, one may consider effects related to non-
relativistic particles produced at the singularity. These
particles contribute to the equation of motion for the
field φ by effectively increasing its potential energy den-
sity [33]. They may push the field towards positive values
of the field φ despite the effects described above. How-
ever, this would add an additional complicated feature
to a scenario that is already quite speculative.
But one can do something simpler. For example, in-
stead of the asymmetric potential shown in Fig. 4,
one may consider a symmetric potential, as in Fig. 5.
As a toy model, one may consider, e.g., a potential
V (φ) = V0(1 − A cosh−1(φ − φ0)), where A > 1 and
φ0 are some constants.
φ
V
FIG. 5. Symmetric scalar field potential in the bicycling
scenario. At large values of |φ| one has V (φ) ≈ V0 ∼ 10
−120
and there is a minimum at φ = φ0.
In the beginning, the scalar field is large and posi-
tive and it slowly moves towards the minimum. When
it falls to the minimum the universe begins to contract
and the field is rapidly accelerated towards the singular-
ity at φ = −∞. As we already mentioned, the structure
of the singularity is not sensitive to the existence of the
potential, especially if it is as small as V0 ∼ 10−120.
Now let us assume, as in [33], that the field φ bounces
from the singularity and moves back. The kinetic energy
of the field rapidly drops down because of radiation, so it
freezes at the plateau to the left of the minimum of V (φ).
At this stage the energy density is dominated by particles
produced near the singularity. Then the universe cools
down while the field is still large and negative and the
late-time stage of inflation begins. During this stage the
field slowly slides towards the minimum of the effective
potential and then rolls towards the singularity at φ →
∞. When it bounces from the singularity, a new stage
of inflation begins. The universe in this scenario enters a
cyclic regime with twice as many cycles as in the original
cyclic scenario of Ref. [33]. The same regime will appear
even if the potential is asymmetric but positive both at
φ ≪ 0 and at φ ≫ 0. We have called it the bicycling
scenario [52].
An advantage of this scenario is that it may work even
if, as we expect, a lot of radiation is produced at the
singularity and the field φ rapidly loses its kinetic energy.
However, if in order to have density perturbations of a
sufficiently large magnitude one needs to have a potential
with a super-Planckian depth V (φ) < −1, as in [37,33],
then this scenario has the same problem as the scenario
considered in the previous section. The kinetic energy of
the field φ becomes greater than the Planck density as
soon as it rolls to the minimum of V (φ). It becomes even
much greater when the field rolls out of the minimum,
and the 4D description fails.
Thus, bicycling scenario is more robust than the orig-
inal version of the cyclic scenario [33], but it is still very
problematic.
D. Cycles with inflationary density perturbations
Even though it may not be easy to solve the singular-
ity problem, the old idea that the big bang is not the
beginning of the universe but a point of a phase tran-
sition is quite interesting, see e.g. [60]- [67]. However,
the more assumptions about the singularity one needs to
make, the less trustworthy are the conclusions. In this
respect, inflationary theory provides us with a unique
possibility to construct a theory largely independent of
any assumptions about the initial singularity. According
to this theory, the structure of the observable part of the
universe is determined by processes at the last stages of
inflation, at densities much smaller than the Planck den-
sity. As a result, observational data practically do not
depend on the unknown initial conditions in the early
universe.
But this very fact puts all theories of passing through
the singularity in a difficult position. Indeed, one could
argue that if the universe passes through the singularity,
but afterwards there is a stage of inflation that erases
all observational consequences of this event, then why
bother? That is why some authors were trying to avoid
15
having inflation after the singularity.
In my opinion, the possibility that the universe may
pass through the cosmological singularity is extremely
interesting independently of absence or presence of any
observational consequences of this event. We need to
have a consistent cosmological theory, including all pos-
sible stages of the evolution of the universe, whether they
are accessible to observations or not.
An interesting attempt to construct such a theory was
made in the context of the Pre-Big Bang scenario [67].
The main idea of this theory is extremely attractive.
However, the authors of the PBB scenario decided to con-
sider only those versions of the theory that do not have
inflation after the singularity. As a result, in addition to
the unsolved singularity problem, the PBB theory has a
problem with production of adiabatic density perturba-
tions with flat spectrum. More importantly, without help
of inflation the PBB theory does not solve the homogene-
ity, isotropy, flatness and entropy problems [68]. So why
do not we add a stage of inflation after the singularity?
Of course, this would make the passage through the sin-
gularity irrelevant from the point of view of observations.
However, this would solve the major cosmological prob-
lems (if the singularity problem is solved) and make the
whole scenario, including the non-trivial stage of the pre-
big bang evolution, consistent with observational data.
The situation with the cyclic scenario is very similar. I
believe that the necessity to solve the singularity problem
and to know exactly what happens with small density
perturbations at the singularity is a significant step back
from the simple picture provided by the usual versions of
inflationary theory. Since the cyclic scenario does require
repeated periods of inflation anyway, it would be nice to
avoid the vulnerability of this scenario with respect to
the unknown physics at the singularity by placing the
stage of inflation before the stage of large scale structure
formation rather than after it.
In order to do it [52], one may consider a toy model
with a potential
V (φ) = V0(1 −A cosh−1(φ− φ0)) for φ < 0 , (14)
V (φ) = V0(1 −A cosh−1(φ− φ0)) + m
2
2
φ2 for φ > 0 .
Thus, for m = 0 this is the same potential as in the
bicycling scenario proposed in the previous section. If
one takes φ0 ≪ −1, then the potential at φ < 0 looks
very similar to the potential of the original cyclic model,
see Fig. 4, but it is positive everywhere except a small
vicinity of φ0, see Fig. 6. Also, we will not need to have
a very deep minimum of the effective potential because
density perturbations will be produced by the standard
inflationary mechanism. Therefore one can take A just
a bit greater than 1. At φ > 0 the potential coincides
with the simplest chaotic inflation potential V0 +
m2
2 φ
2
considered in the beginning of this paper.
V
φ
FIG. 6. Scalar field potential in the cyclic scenario incor-
porating a stage of chaotic inflation. The potential has a
minimum at φ0 < 0. Inflationary perturbations are gener-
ated and the large-scale structure of the universe is produced
at φ > 0.
Now let us assume that initially the universe was slowly
inflating in a state with φ < φ0. Then the scalar field
started moving towards the minimum of the effective po-
tential, as in the cyclic scenario (though in an opposite
direction). When the field approaches the minimum, the
universe begins to collapse. After that moment, the field
begins growing with an increasing speed. Let us assume
that one can ignore the effective potential m
2
2 φ
2 that ap-
pears only at φ > 0. According to the investigation per-
formed in [52], forA = O(1) the kinetic energy of the field
φ will reach the Planck value φ˙2/2 ∼ 1 at φ− φ0 ∼ 100.
Meanwhile, form = 3×10−6 (COBE normalization), the
effective potential m
2
2 φ
2 reaches the Planck value only at
φ ∼ 105, where the kinetic energy of the field φ would
be much greater than 1. Thus, if one takes A = O(1),
φ0 ∼ 100, one can completely ignore V (φ) during the in-
vestigation of the development of the singularity, as well
as during the first stages of the motion of the field φ
bounced back from +∞.
However, according to our discussion of particle pro-
duction and their effect on the motion of the scalar field,
one may expect that after bouncing from the singularity
the scalar field immediately freezes and does not move
(or moves relatively slowly) until its potential energy be-
gins to dominate. But this creates ideal initial conditions
for the beginning of a long stage of chaotic inflation!
Of course, we do not want to pretend that we really
know what happens at super-Planckian densities. Fortu-
nately, we do not need to have an exact knowledge of the
processes near the singularity. The only thing that mat-
ters for us is the assumption that quantum effects and
particle production slow down the motion of the scalar
field bouncing from the singularity, and this leads to in-
flation. An important advantage of this scenario is that
the density perturbations produced at the end of the in-
flationary stage have desirable magnitude δH ∼ 2× 10−5
independently of any assumptions about the behavior of
perturbations passing through the singularity. Also, one
no longer needs to trust calculations of perturbations at
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|V (φ)| > 1.
Chaotic inflation ends at φ ∼ 1. At that time the ki-
netic energy of the scalar field is φ˙2/2 ∼ m2 [14]. The
energy density of particles produced at the singularity
vanishes during inflation. However, new particles with
energy density H4 ∼ m4 are produced at the end of in-
flation because of the gravitational effects [56,57,69] and
because of the nonadiabatic change of the mass of the
field φ. These particles in their turn freeze the rolling
field φ. This field freezes even more efficiently if it inter-
acts with any other particles and give them mass ∼ g|φ|.
In this case the mechanism of instant preheating leads to
production of these particles, which freezes the motion of
the field φ at φ ∼ − ln g−2, [70,71]. The new particles cre-
ated at that stage and the products of their interactions
constitute the matter contents of the observable universe.
After many billions of years the density of ordinary
matter decreases, and the energy density of the universe
becomes determined by V (φ) ≈ V0. The universe enters
the present stage of low energy inflation. This stage lasts
for a very long time. During this time the field φ slowly
rolls towards φ = φ0. Then it falls to the minimum,
runs to −∞, bounces back after the singularity, slows
down due to radiation, experiences low-energy inflation
at φ < φ0, rolls down to the minimum of V (φ) again,
runs to +∞, bounces back, and a new stage of chaotic
inflation begins.
In this model inflationary perturbations are generated
only every second time after the universe passes the sin-
gularity (at φ < 0, but not at φ < 0). The model can
be further extended by making the potential rise both
at φ → ∞ and at φ → −∞, see Fig. 7. In this case
the stage of high-energy inflation and large-scale struc-
ture formation occurs each time after the universe goes
through the singularity.
V
φ
FIG. 7. Scalar field potential in the cyclic scenario incorpo-
rating a stage of chaotic inflation. Inflationary perturbations
are generated and the large-scale structure of the universe is
produced both at φ < 0 and at φ > 0.
Thus we see that it is possible to propose a scenario
describing an oscillating inflationary universe without
making any assumptions about the behavior of non-
inflationary perturbations near the singularity [52]. An-
other important advantage of this scenario is that infla-
tionary cycles may begin in a universe with initial size as
small as O(1) in units of the Planck length, just as in the
standard chaotic scenario [13].
Even though this scenario is free of many problems
that plagued the old cyclic scenario [33], it still remains
complicated and speculative. The main problem of this
model is that one still must assume that somehow the
universe can go through the singularity. However, now
this assumption is no longer required for the success of
the scenario since the large scale structure of the observ-
able part of the universe in this scenario does not depend
on processes near the singularity. This allows us to re-
move the remaining epicycles of this model.
φ
V
FIG. 8. The scalar field potential that appears after the
step-by-step simplification of the cyclic scenario. It coincides
with the simplest version of chaotic inflation scenario, Fig. 1.
Indeed, the main source of all the problems in this
model is the existence of the minimum of the effective po-
tential with V (φ) < 0. Once one cuts this minimum off,
the potential becomes extremely simple, see Fig. 8, and
all problems mentioned above disappear. In particular,
one may use the simplest harmonic oscillator potential
m2
2 φ
2 + V0 with V0 ∼ 10−120 considered in the begin-
ning of our paper. This theory describes an eternally
self-reproducing chaotic inflationary universe, as well as
the late stage of accelerated expansion (inflation) of the
universe driven by the vacuum energy V0 > 0.
XI. CONCLUSIONS
In this paper I have briefly reviewed the basic princi-
ples of inflationary cosmology. During the last 20 years
ago this theory has changed considerably and gradu-
ally become the standard framework for the investiga-
tion of the early universe. Recent observational data has
brought us additional reasons to believe that we might be
on the right track. It is quite encouraging that so far the
simplest versions of inflationary cosmology seem to be in
good agreement with observations. Still there are many
things to do. We do not know which version of inflation-
ary theory is the best. We do not even know whether the
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inflaton field is a scalar field, as in old, new and chaotic in-
flation, or something related to the curvature scalar, as in
the Starobinsky model, or something else entirely like the
logarithm of the radius of compactification or a distance
between branes. It is possible to have several different
stages of inflation; one could solve the homogeneity and
isotropy problems while another could produce density
perturbations. This latter stage may look like exponen-
tial expansion in all directions, or it may be viewed as
exponential expansion on some particular hypersurface
in a higher dimensional space.
Thus, there exist many different versions of inflation-
ary cosmology, and many new ones will certainly appear
with every new development in the theory of fundamen-
tal interactions. But one may wonder whether these new
developments will eventually allow us to find a consis-
tent non-inflationary cosmological theory? While we can-
not give a general answer to this question, we hope that
our investigation of the ekpyrotic/cyclic scenario demon-
strates how difficult it is to construct a consistent cosmo-
logical theory without using inflation.
The original version of the ekpyrotic scenario [32] con-
tained many incorrect and unproven statements [34,35].
In particular, instead of expansion of the colliding branes
described in [32], one has contraction to a singularity
[35,36]. Despite the optimistic statements of the authors
of [32], the singularity problem in this scenario remains
unsolved. The theory of density perturbations in this
scenario is controversial; most authors believe that the
mechanism of generation of density perturbations pro-
posed in [32,36] does not lead to adiabatic perturbations
with a flat spectrum [38–41]. Most importantly, this
scenario offers no solution to major cosmological prob-
lems such as the homogeneity, flatness and entropy prob-
lems. In fact, the homogeneity problem in this scenario
is even much more complicated than in the usual non-
inflationary big bang theory [34].
As for the cyclic scenario [33], its authors recently
issued a paper advertising this scenario in the popular
press [72] and another one aimed at astrophysicists [73].
These new papers, which were supposed to give a sum-
mary of the state of the cyclic universe theory, omitted
any mention of the criticisms of the ekpyrotic/cyclic sce-
nario contained in [52] and in [34,35,38–41,51]. It was
claimed in [73] that the cyclic scenario “is able to re-
produce all of the successful predictions of the consen-
sus model (i.e. of inflationary cosmology -A.L.) with the
same exquisite detail.” They continued by saying that
“All of the differences between the two paradigms harken
back to the disparate assumptions about whether there is a
“beginning” or not.” Then they said that “if the big bang
were not a beginning, but, rather, a transition from a pre-
existing contracting phase, then the inflationary mecha-
nism would fail.”
I cannot agree with these statements, for the reasons
explained in Ref. [52] and in this paper. First of all, the
cyclic scenario uses an infinite number of stages of infla-
tion to solve the homogeneity problem, and therefore it is
not an alternative to inflation. These stages of inflation
are possible only if the universe is always huge. Thus,
the flatness and entropy problems remain unsolved. This
scenario is plagued by the singularity problem, and the
situation with density perturbations is as obscure as in
the ekpyrotic scenario. Finally, as was shown in [52], the
simplest version of this scenario does not work in the way
anticipated in [33] because of effects related to particle
production. Just as in the ekpyrotic scenario [32], where
the universe collapses instead of expanding [35], in the
cyclic model of Ref. [33] the universe collapses instead of
inflating [52].
In this paper, following [52], I described several ways
to modify the cyclic model of Ref. [33] in order to avoid
this problem. The simplest way is to make the potential
positive both at φ ≫ 0 and at φ ≪ 0. This doubles the
number of inflationary cycles but still leaves the scenario
vulnerable with respect to the unknown physics at the
singularity and to the problem of density perturbations.
One can resolve these problems by adding a stage of
chaotic inflation after the singularity [52]. Indeed, con-
trary to the statement of Ref. [73], there is no reason
to believe that the existence of a stage of contraction
prior to the singularity should disallow inflation after the
singularity. One should not represent inflation and the
existence of the universe prior to the singularity as two
incompatible possibilities.
The addition of an inflationary stage after the singular-
ity allows one to use the standard inflationary mechanism
of generation of density perturbations and makes all ob-
servational consequences of the theory indistinguishable
from those in the usual chaotic inflation. However, in
this scenario one still needs to assume that the universe
can pass through the singularity, and one should use a
non-standard mechanism of reheating after inflation.
But once we agree that one needs inflation in one way
or another to solve the major cosmological problems,
then why should one suffer with such complicated ver-
sions of inflationary theory? All of the problems dis-
cussed above completely disappear if one removes the
minimum of the potential with V (φ) < 0. This final
simplification reduces the theory to the standard chaotic
inflation scenario describing an eternally self-reproducing
inflationary universe, as well as the late stage of acceler-
ated expansion of the universe.
This paper is dedicated to Stephen Hawking celebrat-
ing his 60th birthday, and therefore I would like to finish
it on a positive note. So here it is:
The ekpyrotic/cyclic scenario is the best
alternative to inflation that I am aware of.
I really mean it. I think that we should be very grateful
to its authors. Indeed, if a model speculating about an
infinite number of inflationary stages separated by an
infinite number of singularities is the best alternative to
inflation invented during the last 20 years, this means
that inflationary theory is in a very good shape.
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Note Added: After I wrote this paper, a new alter-
native to inflation was proposed by Hollands and Wald
[74]. The authors admit that their new proposal does not
solve any of the major cosmological problems addressed
by inflation. However, they proposed a new hypothetical
mechanism of generation of density perturbations with
flat spectrum. We will discuss details of their proposal
in a separate publication [75]. For the purposes of this
paper it is sufficient to say that according to this new
proposal the perturbations on the scale of the present
horizon were generated at density 1096 times greater than
the Planck density. This shows again how difficult it is to
construct a consistent cosmological theory without using
inflation.
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